Efficient polymer solar cell employing an oxidized Ni capped Al:ZnO anode without the need of additional hole-transporting-layer We show that an effective transparent electrode for bulk-heterostructure organic solar cells (OSCs) can be produced by uniformly depositing a few nm of Ni on a film of aluminum-doped zinc oxide (AZO). After deposition, the Ni capping layer is O 2 plasma treated to form a bilayer of Ni/NiO, as it is evidenced by x-ray photoelectron spectroscopy analysis. The oxidized Ni capped AZO electrode can act as anode and hole-transporting-layer in OSCs, providing an enhancement in transparency, environmental stability, and injection/collection of charges. The S-shaped feature of the IV curve for the OSC using AZO electrodes in conjunction with NiO transporting layer is not present in the case of the proposed electrode structure, clearly indicating the significant role of the Ni metallic interlayer in reducing the energy barrier. The relevant role played by the Ni was further confirmed when a NiO layer was deposited on top of the AZO/Ni bilayer. In that case, the S-shape was not present while a 90% photo-conversion efficiency relative to the ITO/NiO cell was achieved. Organic solar cells (OSCs) show great potential for costefficient photo-conversion due to their easy manufacture and possibility of portable, flexible, low-cost, and large-area applications. At the moment, a cost reduction in a foreseeable industrial production of OSCs would be severely limited if indium tin oxide (ITO) were to be used as transparent electrode (TE). [1] [2] [3] The limited global supply of indium, which is prone to shortage upon the increasingly expanding market, 4 could be a bottleneck to the proliferation of OSCs, once an adequate photo-conversion efficiency (PCE) is reached. Therefore, various indium-free transparent conductive oxides (TCOs) and other alternative TEs have been introduced in OSCs, including aluminum-doped zinc oxide (AZO), carbon nanotubes, graphene films, and ultrathin metal films (UTMFs). [5] [6] [7] [8] In particular, AZO thin film is being considered as a viable alternative to ITO. [8] [9] [10] However, the environmental stability of AZO films is still an unsolved problem, leading to significantly increased electrical resistivity and surface degradation when annealing in air or damp heat (DH) [10] [11] [12] is carried out.
In this paper, we report a TE for bulk-heterostructure OSC applications, consisting of an AZO layer uniformly covered by a Ni UTMF. After deposition, the Ni is in situ treated with O 2 plasma, thus transformed into a bilayer of Ni/NiO. The resulting NiO/Ni/AZO electrode structure presents the following advantages: (1) the Ni layer increases the stability of the underlying AZO, (2) the oxidation of the Ni recovers the transparency which had been reduced by the Ni deposition, and (3) the formed NiO/Ni layer enhances the work function to favor injection and collection of charges. In fact, we demonstrate in this work that the proposed TE can act as both anode and hole-transporting-layer (HTL) for bulk-heterostructure OSCs at the same time, thus avoiding more complex configurations such as those of inorganic devices. 13 AZO thin films with thicknesses of about 250 nm were sputtering-deposited on glass substrates under the following conditions: substrate temperature of 200 C, RF power 150 W, and a pure Ar working pressure of 1.3 mTorr. Details on Ni UTMF deposition at room temperature and related thin-film characterization (electrical and optical properties) can be found elsewhere. 14, 15 In this study, the Ni UTMF is then in-situ O 2 plasma treated at 40 W RF power and 8 mTorr Ar pressure to form a bilayer of Ni/NiO. The formed electrode structure was then environmentally tested in a climate chamber (Vötsch VCL 7003). The standard DH test was carried out at 85% relative humidity (RH) and 85 C. The surface morphology was characterized by optical interferometry (OI, Veeco Wyko 9800NT). Work function of the films was evaluated by ambient scanning Kelvin probe microscopy. Conventional x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) were used for identifying crystal structure and binding energy, respectively.
There are already some reports on the combination of metal and TCOs as TEs. 16 In the case of capping, the TCO with a metal layer, too thick metal capping layer would lead to large light absorption while too thin metal layer would be prone to formation of discrete island-like morphology, thus resulting in an incomplete protection of the underlying AZO against the environment or detrimental interaction with the other layers forming the device. Therefore, it is preferred that the metal capping layer thickness is around its percolation threshold, which in the case of Ni is about 2.5 nm. 17 However, already at these levels of thickness, due to the high extinction coefficient value (for example, the extinction coefficient at the wavelength of 600 nm shows a value of 4.14 in thin-film geometry), Ni UTMF shows significant (2012) light adsorption. In order to recover the transparency, the Ni UTMF capped AZO was in-situ treated with O 2 plasma (abbreviated as AZO/Ni(2.5)_TR). Apart from the transparency recovery, the treatment also enhances the work function, as clearly evidenced by the measured values of 4.75 eV and 5.34 eV for AZO and AZO/Ni(2.5)_TR, respectively. In order to investigate the transparency of AZO/Ni(2.5)_TR samples, we calculated the transmission of our films based on a multilayer stacked structure by solving the Fresnel equations in matrix formalism. 18 Assuming that we have Z layers and Z-1 interfaces, in each layer, we have an incoming and a reflected wave, x and y respectively. The waves on the two sides of each interface are correlated to each other
M k is a matrix related to the Fresnel coefficients of light propagation across the k and k þ 1 interface: transmission (t), reflection (r), and phase shift (e 6id ).
By combining Eqs. (1) and (2), one obtains
Therefore, the total transmission of the multilayer structure based on Eqs. (2) and (3) can be resolved according to the matrix method of solution in Ref. 18 . Fig. 1(a) shows the results of the theoretical calculation for the three layer AZO/Ni/NiO structure on SiO 2 glass substrate, alongside with the experimental data of AZO, AZO/ Ni(2.5)_TR, and AZO/Ni(2.5). There is a good agreement between the calculated and experimental data for AZO and AZO/Ni(2.5). As it is predicted by the calculation, the formation of Ni oxides can effectively raise the transparency of AZO/Ni(2.5) samples. It is pointed out that the presence of the remaining Ni, even though in minimum quantity is essential for ensuring that the oxidation treatment will not influence the interface between AZO and Ni. The O 2 plasma treatment was thus optimized so that the AZO/Ni(2.5)_TR samples can maintain the interface integrity while exhibiting high transparency. From Fig. 1 , it is seen that the calculated curve of AZO/Ni(0.5)/NiO(2) is close to the experimental data of AZO/Ni(2.5)_TR, thus indicating that the remaining Ni thickness (0.5 nm) is close to that of the unit-cell dimension (about 0.35 nm). The XPS analysis of our samples have shown the presence of metallic Ni (852.9 eV) on the surface of AZO/Ni(2.5)_TR, after removal of the top layer of oxidized Ni by Ar þ sputtering ( Fig. 1(b) ). The environmental stability of the fabricated samples was studied by a standard DH test of 85% RH and 85 C, in which the sheet resistance change can be readily identified by the relative slope variation with DH time similar to the method mentioned elsewhere. 5 In the polar-plotting of Fig.   2 (a), one can easily see that AZO/Ni(2.5)_TR is more stable than AZO only, being the slope for AZO/Ni(2.5)_TR lower than 1 . The formation of Ni/NiO serves as a protective layer to prevent the penetration of oxygen and water into the AZO's grain boundaries. In fact, we found that Ni capping layer for other ultrathin metals, for example Cu, shows high oxidation resistance at elevated temperature. 15 The surface morphology of AZO/Ni(2.5)_TR samples was characterized by OI before and after the DH test, with no detectable morphological change. Instead in the case of AZO, one could clearly observe a surface degradation, as it was also reported in Ref. 17 2012) despite the observed degradation, the AZO films reported in this study show an enhancement in environmental stability compared to previous data in the literature. [9] [10] [11] [12] 19 From Fig.  2(b) , one can see that the AZO film grown on glass shows a textured structure with a very strong preferential alignment of AZO(000 l), in which the full width at half maximum (FWHM) for AZO(0002) is only 0.34
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. The degree of outof-plane alignment is evaluated by a x scan [rocking curve for the AZO(0002) peak], as it is shown in the inset of Fig.  2(b) , the FWHM for it being 4.8
. It is believed that the textured structure of our AZO films plays a decisive role in enhancing their environmental stability.
It was recently shown that NiO could be used as HTL for OSCs providing better efficiency and stability than PEDOT:PSS, in addition to allowing a solution process in ambient air. 14, 20 Here, we show that the AZO/Ni(2.5)_TR can act as both anodic TE and HTL for bulk-heterostructure OSCs at the same time. The OSC has the following configuration: TE/ P3HT:PCBM/LiCoO 2 /Al, in which the AZO provides the dominant electrical conductivity while the top Ni/NiO works as an excellent work function matching layer, an electron blocking layer, as well as a protective layer for the underlying AZO. Deposition details for the P3HT:PCBM/LiCoO 2 /Al and related characterization can be found in Ref. 14. The IV curve of the OSC using AZO/Ni(2.5)_TR TE is shown in Fig. 3 , with a PCE of 2.36%, which is comparable to similar cells using ITO together with an HTL.
14,15 As we pointed out above, there is an ultrathin Ni interlayer remaining after the O 2 plasma treatment for AZO/Ni(2.5)_TR. In order to investigate the role of the remaining Ni interlayer, we fabricated an OSC with the following architecture: AZO/NiO/ P3HT:PCBM/LiCoO 2 /Al, in which the NiO layer was sputtering-deposited from a NiO sintered ceramic target. 14 The IV property of this OSC cell is also shown in Fig. 3 , in which an S-shaped feature is clearly present. Cheyns et al. 21 have reported that the S-shape is intimately related to the presence of an energy barrier for carrier extraction inside the interfaces of OSC. From these studies, it is clear that such a barrier is present between AZO and NiO, possibly related to the difference in work function (4.75 eV for AZO and 5.4 for NiO). The poor shape of the IV curve for the OSC based on AZO/ Ni(1)_TR can support this assumption, where the O 2 plasma treatment has completely oxidized the 1 nm-thick Ni capping layer and the integrity of the AZO/Ni interface has been significantly influenced. Moreover, the critical role played by the Ni interlayer was further confirmed when a NiO layer was deliberately sputtering-deposited by employing a NiO sintered ceramic target in an O 2 partial ambient 14 on top of the AZO/ Ni(1) bilayer. It is believed that the Ni layer will be partially oxidized during the subsequent deposition of NiO. In this case, the S-shape was not present while a 90% PCE relative to the ITO/NiO cell was achieved, as it is shown in the inset of Fig. 3 . As a result, one can conclude that the Ni metallic interlayer is essential in the AZO/Ni(2.5)_TR structure for layer matching and elimination of the S-shape.
In summary, an ultrathin Ni capped Al:ZnO layer, deposited by sputtering on a glass substrate, has been effectively used as a versatile transparent electrode after an appropriate in-situ O 2 plasma treatment, acting as both anode and HTL layer in a bulk-heterostructure OSC. The underlying AZO dominates the electrical conductivity while the top Ni/NiO works as an excellent work function matching layer, an electron blocking layer, as well as a protective layer for the underlying AZO. It is demonstrated that the remaining Ni metallic interlayer is essential to eliminate the S-shaped feature in the performance of OSC cells. 
